XXl International Baldin Seminar on High Energy Physics Prodems — “Relativistic Nuclear Physics & Quantum
Chromodynamics”; Russia, Dubna, September 8 — 15, 2012

ANALYSIS OF POTENTIAL ADVANCED THORIUM BASED
FUEL FOR EPR REACTOR

Marcin Szuta, Andrze] Wojciechowski

National Center for Nuclear research, Otwock-Swisk400,
Poland

M. Szuta 1



Analysis of Potential Advanced Thorium Based Fuel for EPR
Reactor.

Outline

1. Introduction

2. Preliminary analysis of thorium based fuel application in the
EPR reactor.

3. Conclusions and remarks

M. Szuta



Analysis of Potential Advanced Thorium Based Fuel for EPR

Reactor.
1. Introduction

Analysis of possible ways of reduction of radioastvastes by transmutation
of radioactive long-lived fission products suctfax, 129 and13*Cs and by
burning up of transuranic nuclides implies thatrinctor core should consist
of three zones with fast, epithermal and thermatno@ spectra.

High flux thermal neutron environmerx 10 n/cn?(8) is expected as the best
way for the transmutation of most of the radioaetvaste to stable or short-
lived nuclides and for increasing the probabilay fission such actinides as
23/Np and?3&Np.

Since we are not able to construct such a react@a; we focus our attention
on the thorium-uranium fuel cycle as a prophylaatay of energy production
where the actinides radio-toxicity of the wasteahsut three orders of
magnitude smaller than in the case of classical R¥}Reactors .
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Reactor.
1. Introduction

radiotoxicity R(1) of actinide waste

For the thorium-uranium fuel cycle o [ PR

the actinides radio-toxicity of the " \‘\w\
wastes is about three orders of e N \\\‘f
magnitude smaller than in the case | 3" TR s
of classical PWR [1] reactors. e m\\

This is clearly demonstrated on
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Fig. 1. beside Radio-toxicity for
various cycles [1].)

Comparison of the potential radio-
toxicity of fission products ifrig.

2 beside[2] and inFig.1 after 250
years where it can be neglected
with the actinides radio-toxicity for
the thorium-uranium fuel cycle
after 10 years let us infer that they
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1. Introduction
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* Fig. 3. Balance of fission products and actinides in one tone of urdmaienriched to 3.3 %
239 after three years of exploitation in the energetic reactoB{Bh-up of about 40 GWD/tU.

» Assessment of radioactive waste generated inrteegetic reactors.

« The energetic reactor of 1000 Mectric nominal power generates about 10 tons per
year of the spent fuel. Using the data given in Bi[] the quantitative isotopic
composition of this fuel is as follows: 9430 kg 3& 80 kg U-235, 350 kg of fission
products, 89 kg of different isotopes of plutoniand 46 kg U-236, 5 kg Np-237, 1.2 kg
of Am-243 and 0.4 kg Cm-244. In the case of Th-deythe amount of actinide waste

kA IS three order less. M. Szuta 5
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1. Introduction

v neutrons are produced
-1 neutron induces a new fission ;f’p t; ire
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Fig. 4. Available neutrons for breeding both 82U and23%Pu [4].

The?32Th —233U fuel cycle let us obtain breeding of fissile atoboth in fast,
epithermal and thermal neutron spectra (see Figt]4T he authors [4] underline
that as long as the available neutron numbersreeding(N) is always slightly
larger than O, breeding is possible. This is treedar the whole neutron energy
spectrum for uranium 233 wherg N always equal 0.3.
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1. Introduction

However the number of neutrons c

available for breeding (Nb) presentec
paper [1] is equal to about Odee Fig.
5 beside).In Fig. 5 the breeding 0.2
feasibility for different fuel cycles is
considered.

While the uranium 238-plutonium 23!,
fuel cycle requires fast neutrons to b

sustainable, the thorium 232-uraniun-o+
233 fuel cycle is sustainable with eitr
thermal neutrons or fast neutrons.

0

U-Pu-Therral Th-U-Thermal U-Pu-Fast Th-U-Fast

Fig. 5. Number of neutrons available for breeding

(NDb) in the uranium-plutonium and the thorium-
uranium cycles with thermal and fast neutron
spectra. Breeding is impossible for negative
values of (Nb) [1].
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1. Introduction

As thorium based fuels have benefits in termsadfa-toxicity there are
however challenges in terms of reprocessing thetdpherium based fuel. The
database and experience of thorium fuels and thofuel cycles are very
limited , as compared to U@nd (U,Pu)Qfuels, and need to be augmented
before large investments are made for commerdi&#atton of thorium fuels
and fuel cycles [5].

That is why, as the first step of studying theriinm application feasibility,
once through thorium based fuel cycle analysisfargy production and
radioactive waste transmutation was undertakengiwiioes not require the
technically difficult reprocessing of the spentlfue

The idea is to perform the thorium based fuel i@ppbn in the open cycle
feasibility study in the existing light water reag with minimum
modifications in order to exploit them.
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2. Preliminary analysis of thorium based fuel applicaion in the EPR reactor.

In many institutes the possibility of
using thorium [6-13] in reactors was
investigated. Some calculation results
of thorium based fuel application in the |
EPR reactor are presented in our work
[13].

The main aim of this work is to show
dependence of thorium burn-up in
different places of reactor core. It is 3
needed to determine optimal conditions S
of U-333 productions (position in
reactor core and burning period of

time). To investigate this problem we Fig. 6. Vertical cross section of EPR
used European Pressurized Reactor core fragment presenting several LiDel
EPR[13-15]. assemblies neighboring the reflector

(stainless steel +{D(5%)).
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Analysis of Potential Advanced Thorium Based Fuel for EPR

Reactor.
2. Preliminary analysis of thorium based fuel apdlmn in the EPR reactor

Applying the Monte Carlo
methodology (MCNPX 2,6) we
have calculated the neutron
multiplication factor k in function
of burn-up for the reactor core
loaded with 241 uranium fuel
assemblies (maximal amount) as in
Fig. 6 exploited in constant power
of 5000 MW,,. Burn-up in the
abscissa axis denotes the average
burn-up. This calculation presented
In Fig. 7 is performed in order to
find a reference curve in further
simulations.

1.4 —

LY
N\

K for EPR reactor, Al assembly
5000 MW for t<2480 days

1.2 — - -0 - 2.25wt% U-235

Keff
6]

T 71 1 1 " 1

0 20 40 60 80 100
Burnup [GWd/MTU]

Fig. 7. Neutron multiplication
factor versus burn-up for the EPR
reactor core as in Fig. 6.
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Reactor.
2. Preliminary analysis of thorium based fuel amtlmn in the EPR reactor

We have expected that a peripheral parigistsistisss:
of the reactor core is the best location |
of thorium dioxide rods to convert the
fertile thorium232Th into fissile
uraniumz3U.,

That is why we performed computer
simulation for the configuration (189
uranium and 52 thorium assemblies)
presented irfrig. 8 besideand

calculated the neutron multiplication — RSNt
factor kg in function of irradiation time R EEEEEE EER S £
for constant power of 5000 M\\and

compared it with the  for solely 189 | g ' ;AT I TN

uranium fuel assemblies. Fig. 8. Location of fuel assemblies in
the EPR core: peripheral assemblies
(52) neighboring the reflector — ThO
remaining assemblies (189) - UO
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2. Preliminary analysis of thorium based fuel apilmn in the EPR reactor

1.4 —

K. for EPR reactor
5000 MW for t<2480 days

--O - 2wt%U235
—F— 2wt%U235+ThO,

Variation of the kg in function of time o
(burn-up) for the two core versions are
presented in Fig. 9 beside.

It is clearly seen that impact of the -
peripheral thorium fuel element
assemblies on the neutron
multiplication factor is insignificantly
small for the zero burn-up.

Comparing Fig. 7 and Fig. 9 we can see
also that impact of the uranium fuel
element assembly on the initial:ks 0 1000 2000 3000
unimportant (small) either, because the o

difference is equal to about 0.03 whatis FI9- 9. Variation of kg in function of
consumed during several days of irradiation time for the core configurations

solely the uranium assemblies (189) are
exploited on thermal power 5000 MV
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Reactor.
2. Preliminary analysis of thorium based fuel apilmn in the EPR reactor

e Assuming that all the 241 thorium
assemblies with 1.03 wt%
concentration of uranium 233U
were loaded into EPR reactor core,
we performed computer simulation
of neutron multiplication factor
keff in function of burn-up for the 5
GWth power and compared it with
the same simulation but for the
uranium 233U concentration equal
to 1.48 wt% ¢ee Fig. 1eside).

Keff for EPR, fuel - burned Th

— <& — Burned Th -1.48 wt% U-233
--C - Burned ThO, - 1.03 wt%U-233

04 | | |

0 40 80 120
Burnup [GWd/MTU]

Fig. 10. Neutron multiplication factor keff in
function of burn-up for thorium fuel assemblies
with 1.03 wt% and for 1.48 wt% 233U
concentration of EPR reactor core exploited on
the 5 GWth power
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Reactor.
2. Preliminary analysis of thorium based fuel apilmn in the EPR reactor

We expect that the initial uranium 233U concemrabnce is above and once
Is below the saturation concentration what expléwesdifferent shapes of
these two curves. In the beginning of the burnirgcess the U-233
concentration sharply decreases in both cases $etiae U-233 is not being
produced due to the fact that the Pa-233 justestdaa appear.

The half-life of Pa-233 totals about 27 days. Ef@re the production of U-
233 will appear with a delay.

In case of a higher initial uranium 233U concetntralevel (1.48 wt%), the U-
233 concentration tends monotonically to a satoinatalue.

Whereas, in case of a lower initial uranium 233ldaentration level (1.03
wt%), the U-233 concentration at the beginning dases and then increases
again to the saturation value. The saturation vafi#33U concentration will
be considered later.
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Analysis of Potential Advanced Thorium Based Fuel for EPR

Reactor.
2. Preliminary analysis of thorium based fuel adlmn in the EPR reactor

In order to clarify the different shapes
of neutron multiplication factor keff I
presented in Fig. 10 and to investigate 3

R R R

the uranium233U concentration

dependence on fission rate and time of I | | I | | I | I I I I I I I I I I I Tho,
irradiation we assumed that the EPR
fuel rod is filled with UO2 and ThO2

forming in the reactor core several fuel

IR MR RIATARIATARIATARIARE -

layers alternately located.

Symmetrically from the fuel rod |
center, five thorium dioxide layers 20

cm thick are located (distributed) in the

following ranges 30-50cm, 70-90cm,

110-130cm, 150-170cm, 190-210cm.

The remaining ranges are filled with

enriched 2.25 wt% uranium dioxide

(see fig.11 beside Fig. 11. Longitudinal cross section of EPR
This kind of fuel rod arrangement is core. Different size fuel layers in reactor

technically feasible core. Color red means UQ2; Colors: blue,
yellow, green, white blue, pink means ThO2
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Reactor.
2. Preliminary analysis of thorium based fuel apilmn in the EPR reactor

 “Ab initio” calculations compared

with the experimental data show 1- o,
that the lattice constants in the | 4 2-Thy U, .0
Th1-xUxO2 compound decrease Coss] T2 R B
linearly with increasing mole ratio - \ L / .
x what means that the uranium Srjoos- \ \ \ " / /
dioxide lattice constants are smaller £ \ . \ / X /
than the thorium dioxide lattice 2 \ \/ VY
constantsgee Fig. 1deside) . 4 0o \ -\ LA % O/ /

e This leads to the conclusion that BN AN /X%'ﬁv/ Va
the uranium dioxide and thorium 0 e e
dIOXIde'based fuel pe”ets Can be In 154I1‘L76I1.'—I'>8I1éol1(I52I1(I34I1(I56I1é8l1;0I1;2I1I74I1I76I1;8lléollézl1EI}4I12I}6
different proportions and Cell volume [A’]
alternately located in the fuel rod
because U-233 increase in the Fig. 12. Variation of the cohesive energy

thorium pellet causes a decrease its  with cell volume for Th1xUxO2 [16]
volume what, in turn do not

generate stresses between the rod

clad [16].
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Reactor.
2. Preliminary analysis of thorium based fuel apilmn in the EPR reactor

Fig. 13 shows comparison of keff for e
reactor core loaded with UO2 (2.25%U-

235) solely and with ThO2 + UO2 as 1 Keif for EPR reactor 5GW
described above (see fig. 11). This | A UO2(2.25%U-235)
comparison shows that using the ThO2 2 — O U0y(2:25%U-235)+Th02
+ UO2 fuel, the keff decreases about L a

0.1 from 1.31 to 1.21 at the beginning e

of exploitation. a A

Multiplication factors keff for both
reactor configurations decrease
similarly fast during burning at the
beginning and stabilizes on the value ° ‘
about equal 0.8 after 1000 days of ‘

reactor operation (5000 MWth). While | | | | | |

0 1000 2000 3000

the keff for the core loaded solely with Time [day]

UO2 (2.25%U-235) still further slightly : :
decreases , the multiplication factor for Fig. 13. Comparison of keff for EPR

the configuration with thorium (Fig.11) reactor core loaded with UO2
does not decrease (self sustaining (2.25%U-235) solely and with ThO2 +
system). UO2 as described in Fig. 11
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Reactor.
2. Preliminary analysis of thorium based fuel apilmn in the EPR reactor

U-233 concentration in Th layers

The concentration of U-233 tends to the o025 "5 7570

saturation value with reactor operation | [ 70-90 cm

time and sharply increases after cutting O 110-130 cm .
off the power (see Figs. 14). In this 0016 7 —A— 150-170 cm i
reactor the saturation concentration of L TR 10210em eod
U-233 amounts to about 0.0129 during £ ,,,, | s xR
its work (Fig. 14). 2 ',;/ o F
During the burning time equal 2500 £ 4 e &

days only three thorium layers (30- e 0008 7 B pAA
50cm, 70-90cm and 110-130cm) 8 I G i o £
achieved saturation concentration. A I A W
The saturation value of U-233 e & £
concentration practically does not 7w F s
depend on the power density (Fig. 14) 0 - P AAARRRR A MGGttt AR
,while the kinetics of reaching the

saturation value strongly depends on O et 3000
he power density (neutron flux). The - >

t Fig. 14. The uranium233U

higher is the neutron flux the more : :

observed. time for five thorium dioxide layers
20 cm thick as in Fig. 11
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Reactor.
2. Preliminary analysis of thorium based fuel apilmn in the EPR reactor

The five fertile thorium fuel layers alternately located wité tranium
dioxide in the fuel rod (see Fig. 11) are irradiated with different
neutron flux. The closer is the fertile thorium fuel layer to #neter of

the reactor core the higher is the neutron flux. The final concentration
of U-233 (Fig. 14) consists of two parts: a “power on” concentration
and a “power off “one. The total mass (and concentration) of the
‘power off’ U-233 is equal to the total mass (and concentration)-of Pa
233 at the moment of cutting off the power supply.

In general, we can infer that the 233U concentration tends to saturatio
value which does not depend on power density while the kinetics of
reaching the saturation value depends on it.
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Reactor.
2. Preliminary analysis of thorium based fuel apilmn in the EPR reactor

Pa-233 concentration in Th layers

—f%— 190-210 cm

Fig. 15 shows that the O Soebem
concentration of Pa-233 strongly 0.006 ~ O - 110-130 cm
depends on the neutron flux ~ & ~150-170cm

density. The higher is the neutron
flux density the more rapid increase
of Pa-233 concentration is
observed (occurs) and the higher
maximum protactinium
concentration is reached in function
of reactor operation. In this case the
protactinium concentration does

not reach saturation. Please note,
that the fixed 5 GWth power of the
reactor (in U — Th fuel rods) does

not mean the fixed neutron flux ° e oy 0%

density in the U — Th rods. The Fig. 15. Concentration of Pa-233 versus reactor

neutron flux density in the rods is operation time (5 GWth) for five thorium

relatively complicated function of g : g
time and burn-up of thorium. dioxide layers 20 cm thick as in Fig. 11.

Pa-233 concentration
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2. Preliminary analysis of thorium based fuel apilmn in the EPR reactor

Power fraction of Th layers

.y . . . — 30-50
Initially, the thorium dioxide layers _ gm_gogz
only absorb the neutrons produced in --O- - 110-130cm
the uranium dioxide layers and after . — 4 150-170cm

—%— 190-210cm

with time of irradiation the thorium
layers produce themselves the neutrons
due to conversion of fertile thorium into
fissile uranium and take on the power
load (see Fig. 16) what in turn
decreases the neutron flux density. The
growing smaller amount of thorium
nuclei in function of burn-up influences
also on the protactinium concentration.
This explains why the protactinium
concentration does not tend to the
saturation value.

In this work the concentration of Pa- | | | | |

0 500 1000 1500 2000 2500

233 or U-233 is defined as a relation of Time[day]
the mass of Pa-233 or U-233 to mass of Fig. 16. Power fraction versus reactor

all actinides in unit of volume. operation time (5 GWth) for five thorium
dioxide layers 20 cm thick as in Fig. 11

o
o

o
o
=

0.001

Power fraction

0.0001

1E-005

| \HHH‘ | HHHI"_H \HHH‘ | H/NH‘ | \HHH‘ | \HHH‘ | \HHH‘
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Reactor.

3. Conclusions and remarks

Conversion of the fertile thorium 232Th into fissuranium 233U in the peripheral part
of the EPR reactor core is ineffective since thatmoa flux is comparatively small.

For initial concentration of U-233 equal to satima value (1.29 wt%) the EPR reactor
does not reach criticality, scarcely for 1.5 wt% tlkactor becomes slightly overcritical
what permits to exploit the reactor during certmme. This concentration value is a sum
of the saturation concentration with the “power afincentrationlt means that once
through thorium fuel cycle can be reached withiclifity.

The saturation value of U-233 concentration pcatly does not depend on the power
density. While the kinetics of reaching the satoravalue strongly depends on the
power density (neutron flux).

Whereas the available neutron numbers for bredditige thorium-uranium fuel cycle
is only a little above zero (0.1 — 0.3, the valuaas$ given precisely in the open
literature) we can infer that in the acceleratavelr system (ADS) the effect of
breeding can be easier utilized in a more flexindg for higher burn-up of the fuel
giving impact on economy improvement.

Applying the thorium-uranium fuel cycle the radmxicity of the wastes is about three
orders of magnitude smaller than in the case afsatal PWR reactors.
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